Introduction/Background
Humans are homoeothermic and, thus, must regulate their body temperatures within narrow limits. This is accomplished by a myriad of physiological adjustments and adaptations. Under extreme conditions, however, the human thermal regulatory system cannot maintain homoeothermic status, and may render such activity as unpleasant, function limiting or even dangerous for underwater workers, sport and military divers.
If the heat loss from the human body is offset by the heat generated, then the body core temperature will be normal and constant at about 37°C ͑homoeothermic͒. Heat loss is mediated by control of blood flow to the shell of the body, thereby increasing or decreasing the body's effective insulation. Due to the heterogeneity of the metabolism and the blood flow, body temperatures are highly variable between core and skin and skin in different locations. Heat production for thermal balance is accomplished metabolically and distributed by blood flow to various tissues. During exercise, however, metabolism can exceed thermal neutrality requirements and may cause a thermal stress, particularly in hot water. Thus, a thermal protection system must be able to heat and cool and perform these functions to meet the regional, as well as the total body needs at rest and during exercise.
Tolerable submersion time ͑thermal balance and comfort͒ in water is related to ambient temperature T ϱ with a "U" shaped curve. Thermal neutral water temperature T TN is the ambient temperature at which the body core temperature T C is constant and there is no change in effective body insulation due to vascular regulations and the metabolism is normal. At rest, T TN is 35°C and decreases to 32°C during exercise ͓1,2͔. Decreasing water temperature to the level where T C is still normal; but there is maximal vasoconstriction ͑maximal effective body insulation͒ without an increase in metabolism, which is termed critical water temperature T CR that ranges from 26°C to 32°C. Temperatures above T TN or below T CR cannot be tolerated for time periods over 1 h. See Nomenclature for symbol definitions.
Cold Stress
Reducing water temperature further than T CR results in increased metabolism, however muscle temperature T M and T C decrease as a function of time, reaching a steady-state in 20-40 min if the body can adjust and if not, T M and T C continue to fall, leading to hypothermia. The T ϱ range that is tolerable is determined by the individual's ability to increase insulation and heat production, both of which are individually variable. The total effective body insulation per unit surface area is largely determined by the mean subcutaneous fat and muscle mass of the subject ͓2-4͔. The trunk is the main site of heat loss in cold water with about 1/2 of the effective body insulation coming from fat in this area. For the limbs, less heat is lost while only 1/3 of the insulation is from fat and 2/3 from vasoconstricted skeletal muscle ͓5͔.
Because skin temperature T S equilibrates with T ϱ quickly during immersion, finger and toe temperatures rapidly equal T ϱ , even in wetsuit insulation, since the local control ͑T S ͒ causes vasoconstriction of blood flow to the fingers, and there is relatively little metabolic heat production ͓6͔. During local cooling ͑forearm͒ the convective heat transfer from the blood to T ϱ may play a role ͓7͔. There is cold-induced vasodilatation ͑CIVD͒ in the fingers to low T ϱ indicating local control of CIVD ͓6͔ but this does not provide sufficient heating to protect T S of the fingers.
Brain temperature is regulated by brain blood flow, which is increased in immersion, even in the cold. As the physiological responses and fatigue are central in nature, controlling brain temperature is critical to function. In addition, it has been shown that cold-water immersion impairs cognitive performance ͓8,9͔, as well as physical performance ͓9͔.
Muscle cooling results in a reduction in neurorecruitment, and both muscle contraction velocity and maximal force are reduced ͓10͔. Cold exposure leads to deterioration of manual performance, especially finger dexterity ͓11͔. The reduction in finger dexterity is directly related to the finger temperature and is localized ͓12͔.
Important factors in the effective body insulation are the body mass and the extent of the subcutaneous fat layer, both of which can act as insulation when they have low perfusion. Consequently, individuals with low mass and low body fat lose more heat in the cold ͓13͔. However this does not appear to effect heat stress although wearing a wetsuit does ͓14͔. Thus, a DTPS must protect T C and T S of the hands and feet and have regional control in cold water.
Heat Stress
When T ϱ is greater than T TN the result is rapid body heating. Subjects exposed to 39°C for 60 min had significant increases in T C , reaching the maximal safe limit ͓15͔. In addition, at these hot temperatures ͑e.g., 40°C͒, a small increase in T ϱ ͑e.g., 1.5°C͒ can result in a significant increase in the rate of change of T C , e.g., in 21 min reaching levels of 39-40°C ͓16͔. For example, divers wearing a dry suit, even with an ice-cooling vest in T ϱ of 36°C, less than 50% finish a 60 min dive. Compared to T TN , warm water immersion results in decreases in total peripheral resistance and muscle blood flow while subcutaneous blood flow is increased ͓17͔. In an uncompensated hot environment, subjects fatigued when their T C reached 40.1-40.2°C. These data indicated a maximal and uniform body temperature at fatigue and an inability to conduct heat. Also, both 40°C and 41.5°C water immersion resulted in post-immersion hypotension ͓16͔.
Exercising in high temperature water results in a local sweating rate on the forehead, chest, back, forearm and thigh that increases with increasing metabolism. The heterogeneity of responses to skin blood flow is due to variations in temperature sensitive or insensitive neurons, which are influenced by both the degree and time period of exposure ͓17,18͔. These adjustments may cause a rise in regional T M and T S . The rate of sweating is determined by local temperature and not mean temperature in both hot and cold water. Thus, it is critical in warm water to protect T C with an active system.
Thermal Comfort
Thermal comfort can also limit exercise performance, particularly in hot environments. Thermal comfort is influenced equally by T S and T C . T S can be considered the first line of defense against thermal stress and is an important local modulator of thermal regulation. Recent studies have shown that thermal comfort may be more related to heat flux than the level of T S . Moreover, there are important regional differences in T S with the trunk being more prominent in that regard ͓18͔. Increased brain temperature, as a result of total body heating, increases discomfort even without total body hypothermia ͓18͔. Thermal discomfort is related to pain that occurs in ambient water temperatures between 16°C and 19°C for the hand ͓18͔.
Passive Thermal Protection
Divers typically wear either wetsuits ͑foam neoprene͒ or dry suits ͑outer rubberized shell and a thin insulation layer͒. Foam neoprene has a thermal resistance of 0.09-0.10 m 2 K / W at the surface, decreases with depth ͓19͔, and is not sufficient to protect the diver in cold water at depth. In addition, total effective body and suit insulation decreased exponentially as exercise intensity increases reaching values of 1/3 the initial value at metabolisms of 1 l of oxygen per minute ͓18͔. Divers immersed in 17-18°C water for 3 h wearing full wetsuits were not protected; T C dropped continuously in both swimmers and submersible riders alike. In these experiments, the suit provided 63% and the body 37% of the insulation. Thermal comfort was related to T C over the first hour but not over the next 2 h ͓18͔.
The skin heat flux in divers wearing a dry suit for more than 1 h in 16°C water was 72 W / m 2 ; however, T S , particularly in the hands and feet and T C decreased to unacceptable levels ͓18͔, thus, the divers were not protected. In a dry suit the insulation is generally more than in a wetsuit. but it is not sufficiently more to protect the diver, particularly the hands and feet. Regional sweat accumulation in clothing may compromise insulation and increase the risk of hypothermia during rest intervals or post-exposure.
There does not appear to be gender differences in thermal regulation in water or ethnicity differences in thermal sensitivity during cold immersion, when other factors are controlled, i.e., body mass, body surface area, body fat, etc. ͓20͔. Thus, an effective DTPS would meet the needs of both men and women.
Active Protection
Hot water suits used by divers in cold water provide surface heated seawater at 37-40°C via an umbilical to the suit with perforated tubes in the dive suit ͓21͔. Although this system is used, it has many problems that have been suggested could be solved with an external heating system. At present, there is no available active system to cool divers in warm water.
It has been suggested that active heating of a diver in a wetsuit near the surface requires about 400 W of heating in very cold water ͓22͔ while in a dry suit the range is 40-100 W but could increase to 930 W at depth ͓23͔. During a 2 h exposure to a hot environment in 30-40°C air, body temperature was significantly reduced by using a water-cooled jacket. A three layer jacket consisted of cotton fabric lined with 2 mm diameter latex tubing and interspaced coating of rubberized solution ͓24͔. The manual control of liquid cooling garments did not work as effectively as objective ͑autonomic͒ control ͓25͔. Autonomic control of a liquid cooling suit was achieved with a controller set at mean skin temperature using a relationship between heart rate and metabolism. This method improved comfort and decreased sweating. Liquid or air-cooling of a hazmat suit in 40°C air for 3 h increased the tolerance of the subject.
Many previous studies have used the principle of flowing water over the human body with automatically controlled heating/ cooling, as a calorimeter, determining the flow and temperature difference to calculate heat balance ͑flow calorimetry͒. In the mid20th century, water flow "suits" were developed that were worn under insulation material in air. These served as total body calorimeters with a well-developed system being reported ͓24͔ in 1972. This system employed "tygon" tubes in triangular shapes connected to a water-to-water heater/chiller ͑800 W capacity͒ with a controller. Water circulated through the tube suit at the rate of 1.5 l/min. Flow was determined using a turbine flow meter and the temperature was measured in the inlet and outlet manifolds, then,
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Transactions of the ASME the resulting temperature difference was used by the controller to mix conditioned and recirculating water. The so-called "Webb" suit has been widely used as a total body calorimeter ͓25͔. However it was not used in immersion nor did it evaluate regional heat exchange and was not used to heat or cool a subject in cold and hot water. Skin temperature is heterogeneous during water immersion and is affected by and affects local peripheral vasoconstriction and, thus, effective body insulation but does not have an effect on shivering thermogenesis or thermal sensation ͓26͔. There are temperature gradients within tissues, as measured in the forearm where the profile was a linear function of the radial distance from the forearm axis ͓12͔. There are also cyclic ͑time-dependent͒ changes in the forearm T S caused by cyclic blood flow ͓12͔. Submersion of the head ͑7% of body surface area͒ resulted in a large decrease in T C but less of a decrease in total heat loss ͓27͔.
An early study attempted to provide thermal protection in cold air to hands and fingers by heating the torso to a high level ͑40°C͒ but it failed to demonstrate protection ͓28͔. More recent studies have demonstrated that in air, by heating the torso to about 40°C, the hands remain vasodilated, thermally protected, and functional ͓29,30͔. Other studies in air using a liquid garment with perfusion of water at 33°C under protective clothing have shown that providing extra heat to the trunk and thighs kept blood perfusion and, thus, T S of the feet ͓31͔ and fingers ͓32͔ are high. However, if the right and left sides of the body were cooled independently, this did not affect thermal balance and perception of T S was preserved ͓31͔. It has been demonstrated that transferring heat from a high T S to low T S by bypass tubing can improve the T S in the low T S area in cold environments ͓33͔. In addition, convective heat transfer by the blood to nonactive muscle from active muscle may assist in maintaining T C ͓34͔. Direct heating of the hands using electrical resistive gloves was less effective than heating the torso in keeping finger blood flow and T S of the finger, however, finger dexterity was maintained ͓35͔. It has been shown that a mild cooling using a shortened liquid cooling garment was more effective than rigorous cooling in heat exchange to subjects during exercise for peripheral T S but not T C ͓36͔.
In water, compared to air, due to its higher thermal conductivity, heating the torso with electrical resistive pads not only failed to protect the hands but also resulted in faster and greater reduction in T C ͓25͔. This study also failed to demonstrate a benefit on cognitive function during torso heating compared to unheated, however, subjects' felt thermally more comfortable when heated ͓25͔. The uncoupling of comfort and balance is risky as it may result in hypothermia, as has been shown with divers in wetsuits who due to high T S feel comfortable while they are losing body heat at a dangerous rate ͓37͔. The reason for the difference in the effectiveness of regional heating of the torso in protecting the hands in air and water is the 25 times greater thermal conductance of water.
Based on previous work discussed above, a DTPS should function in cold and warm water, provide regional heating/cooling to account for heterogeneities of heat loss/gain and provide specific protection to hands/feet in cold water and protect T C in warm water.
Bardy et al. ͓14͔, using the "proof-of-concept" DTPS used in this study, confirmed previous studies ͓2,38͔ inasmuch as T C achieved a steady-state in 20-120 min. However, heat balance and, consequently, T S , stabilized before T C . They also showed that T CR at rest was 25.2°C wearing a wet suit with T S of 32°C, which is in agreement with a previous study that used a different method ͓1͔. Importantly, the divers' thermal status was sustained within the recommended thermal limits for T ϱ from 10°C to 39°C ͓39͔.
Regional and total body heat loss rates measured using a heat flow disk and by direct calorimetry using a tube suit showed generally good correlation with each other. However, in the head and arms and total body, the heat flow disk underestimated heat loss by 13% and had heterogeneous errors in some regions ͓40͔.
Experts in the field of thermal protection recently concluded that a physiological solution to thermal stress did not exist and that an engineering approach was needed to protect divers in both cold and hot water ͓18͔. The focus of the presently reported investigation was to identify, evaluate and apply existing technologies to develop and test a proof-of-concept diver thermal protection system ͑DTPS͒ for free-swimming divers that could then be modified to specific diving scenarios. A second aim was to develop the DTPS so as it could be used as a regional and total body calorimeter.
Technology Assessment
Passive insulation has been shown to be insufficient to protect divers' in hot and cold water and, thus, the presently reported investigation focused on the active heating and cooling of the diver. Since tube suits have been used for many years in space, this study focused on identifying technology that could heat and cool water that then could be circulated through a tube suit worn under standard wet suit insulation. Various heating/cooling technologies were considered with the constraint that the DTPS had to both heat and cool so it could be used universally in cold and hot water. The technology assessment done as part of this investigation revealed that fuel cells and vapor compression refrigeration systems of appropriate size: were not readily available, involved many moving parts and refrigerant working fluids, were orientation sensitive and complicated, required high maintenance, would not both heat and cool as a single unit and, thus, were not readily adaptable to underwater use. Furthermore, it was concluded that the practical details of phase change storage systems were complicated and did not have sufficient energy density for acceptable mission endurance. Based on this analysis, these technologies were rejected from further consideration.
A consideration of thermoelectric modules ͑TECs͒ revealed a relatively mature technology with no moving parts, thus, having the potential for high reliability. Another advantage of using TECs was that a single unit could be used for both heating and cooling. A further advantage of using TECs was that their theoretical output in the heating mode is higher than the electrical power input ͑they function as a heat pump͒. The only downside of using TECs is that they have a relatively low coefficient of performance in the cooling mode ͑nominally 40%͒. On the other hand, TECs exploit the basic principle of the Peltier effect and have the following advantages: ͑1͒ the simplicity of no moving parts results in reliability, which results in low maintenance, ͑2͒ TECs can function in either the heating or cooling mode by simply switching the electrical polarity, ͑3͒ water can be used as the working fluid compared with a refrigerant fluid that is required in a vapor compression refrigeration cycle, ͑4͒ TECs are not orientation sensitive, and ͑5͒ TECs have a theoretically higher efficiency in the heating mode compared with resistive heating.
In summary then, the DTPS provides both heating and cooling by exploiting the electrical polarity-switching feature of the TECs, is very low maintenance, uses no consumables, and is robust. In addition, an important feature is that water could be used as the working fluid in a closed-loop. Based on these advantages TECs were selected for the DTPS.
The design rationale, for the presently reported investigation, was to perfuse a zoned tube suit worn by a diver with closed-loop, thermally conditioned water ͑convenient and safe͒ produced by a man-portable, pressure-resistant apparatus, i.e., a DTPS. It was decided, based on the size of the heating and cooling and circulating equipment requirements to construct the system in a backpack package that would have a minimal "footprint" and also serve to carry scuba tanks, and desired battery modules.
Physiological Assessment
Based on the background discussed above, a system was devised that protected divers in waters ranging from 10°C to 39°C. The system was required to have total body coverage with multiple zones to cover the heterogeneity of the body's temperatures, as well as the exchange and redistribution of heat to these zones. A uniform perfusion temperature of the tube suit was selected to meet the needs of providing both heating and cooling to all zones and to clamp skin temperature to insure diver comfort and prevent regional sweating. Since previous studies have failed to demonstrate that regional heating of a specific zone could protect other zones, particularly the hands and feet, this technique was not employed in this system. Although designed for underwater protection, the system could also be modified to meet challenges in air pre-and post-dive and application in other scenarios, i.e., underwater vehicles.
Apparatus
The DTPS consists of three basic components: a tube suit, a backpack and a dc electrical power source. The tube suit was custom-built by Allen-Vanguard ͑Ottawa, Canada͒ to be full-body and with six-zones ͑head, torso, arms, legs, hands, and feet͒. A schematic of the tube suit layout showing body zone segments, parallel flow circuits, and tube lengths is shown in Fig. 1 . A tabulation showing the number of body zones segments, parallel flow circuits per body zone segment, tube lengths per parallel flow circuit, tube lengths per body zone, and flow per body zone is shown in Table 1 .
The backpack is worn by the diver and is designed to hold scuba tanks and batteries and contain a hydraulically and closedloop parallel array of TECs, pumps and manifolds, as well as an electrical control circuit ͑Fig. 2͒. The backpack also incorporates a ground-fault interrupter to insure user safety in accordance with the Association of Offshore Diving Contractors ͓41͔, which is the recognized industry standard for the safe use of electricity under water that was adopted by the US Navy in 1987 ͓42͔. The working fluid in the suit is a small quantity ͑107 ml͒ of water. The size of the unit tested is 12.5 in. by 18.5 in. by 3.0 in. and the weight in air is 25-26 lbs and has a positive buoyancy of about 1 lb in water.
The water flow ͑Fig. 3͒, hydraulic ͑Fig. 4͑a͒͒, and pressure ͑Fig. 4͑b͒͒ schematics of the DTPS show that thermally conditioned water is pumped to each suit zone from a supply manifold and returned to the TECs for thermal conditioning via a return manifold ͑Figs. 3 and 4͑a͒͒.
The pumps are positive displacement B&D model UGP-2010- P-24, and the TECs are SuperCool model DL-220-24-00-00-00; both operate at a nominal voltage of 24 VDC. The output of the pumps is set by the DTPS controller at a nominal flow of 500 ml/min to the head, torso, arms, legs and 1.0 l/min to the hand and foot zones, the latter to deliver 500 ml/min to each hand and foot. The actual measured flows are given in Table 1 .
In pilot experiments ͑data not shown͒ the optimal temperature for perfusion of the tube suit for use in both hot and cold water was determined to be 30°C. This water temperature clamped skin temperatures at a level to optimize heat exchange and prevents sweating, particularly when the diver is in hot water. The average supply and return temperatures are shown in Table 2 along with the corresponding heat transfer.
A flexible bladder is used to prevent cavitation, bubble formation, and vapor lock by increasing the pressure level in the closedloop to about that of the ambient pressure. Several suitable bladder insertion points are shown in Fig. 4͑a͒ , whereas Fig. 4͑b͒ shows the qualitative spatial pressure distribution corresponding to locations in Fig. 4͑a͒ both with and without a bladder. From the lower curve in Fig. 4͑b͒ , it can be seen that the pressure is nominally below 1 ata except in the region between the pump outlet and the suit entrance. Most notably, the pressure at the pump inlet is below 1 ata ͑i.e., vacuum͒ and cavitation, bubble formation, and vapor lock were observed. The result was no flow. The insertion of a flexible bladder into the system, as shown in Fig. 4͑a͒ , increases the pressure level throughout the entire system to above 1 ata and eliminates cavitation, bubble formation, and vapor lock and ensures good flow.
The electrical control circuit of the DTPS is feedback controlled and designed to maintain the supply manifold water temperature at a preset level ͑e.g., 30°C͒. This is done by pulse-width modulation and polarity switching of the power to the TECs resulting in a duty cycle ͑DC͒ in terms of percentage time on. The polarity-switching feature permits the TECs to be used for both heating and cooling. The control system is a servo system wherein the perfusion water temperature provides the primary feedback input. The error value ͑water above or below desired control temperature͒ is provided as the input to a pulse width modulated amplifier, which controls the energy delivered to each of the TECs. Each of the five TEC modules is controlled by a traditional H-bridge output circuit with four switching devices ͑field effect transistors͒ that provide control of both the total power delivered and the polarity of the output voltage in order to affect heating or cooling. This system is unique however, in the respect that the switching of the five output circuits is interleaved so that only one TEC is energized at any point in time. This arrangement limits the total peak output current of the system to that of a single TEC. The control system is further described in Ref. ͓43͔. 9.1 Power Supply. The DTPS can be operated by any power source that can provide 24-32 V dc of electrical power. In pilot experiments the DTPS has been run with electrical power from two standard marine batteries in series, a standard dc power supply, or in-house-built battery modules ͑lithium polymer or lithium-ion͒. From a practical point of view, it could be operated using a battery supply or from a surface umbilical. For the purpose of these experiments a dc power supply was used ͑Lambda, GEN3300W͒ since it was more convenient than batteries, which would have to be re-charged. 10 Performance Evaluation 10.1 Diver Thermal Protection. The basic principal of operation of the elements of the DTPS were tested using resting divers and water as the working fluid in a closed-loop ͓14͔. The present study tested the DTPS as described above using eight ͑n =8͒ experienced diving male human subjects in wetsuits 6.5 mm thick ͑standard suit͒ in water at 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, and 39°C. The current experiments were conducted with the subject fin swimming ͑exercising͒ in a constantly stirred water bath at a depth of 4 ft. Exercise was used since a previous study ͓14͔ demonstrated that the concept worked using divers at rest and exercise adds metabolic heat production, which has to be considered in the energy balance. Core and skin ͑head, torso, arm, leg, hand, fingers, feet, and toes͒ temperatures, along with oxygen consumption were measured, as well as system flow, inlet and outlet water temperatures, duty cycle, and power consumption. Previous reports have suggested that maintaining T C to within Ϯ1.0°C and skin temperatures above 20°C and below 35°C would ensure that the diver was in thermal balance and comfortable ͓18͔. The average data for T C and selected T S are shown in Fig. 5 and indicated that the divers were in thermal balance, and they reported verbally that they were comfortable. In fact, T C was clamped at 37°C while T S ranged from 24.5°C in cold to 34.5°C in hot water. It was concluded based on these data that the DTPS successfully provided thermal protection in both cold and hot water. It is noted that decreases in some skin temperatures with increasing T ϱ are believed to be a consequence of relative errors in measurement particular to those divers at those T ϱ s and do not represent a physiological trend. That is to say, only one diver at a time was immersed at one T ϱ at a time, however, the comparisons are for all divers at all T ϱ .
Power Requirements.
A thermodynamic schematic of the DTPS is shown in Fig. 6 . Three control volumes ͑TECs CV, LINES CV, and DIVER CV͒ are shown and the standard sign conventions for work and heat are used and described in the nomenclature section. The directly measured quantities are DC, P circuit , P in , P pumps , P TECs , q, Q diver , Q met , and ⌬p. The remaining quantities are inferred by calculations using the first law of thermodynamics and basic heat transfer, fluid flow and electronics theory. The thermodynamic equations used to calculate the derived parameters are given with the corresponding parameter in the Nomenclature Section. The quantities in Table 3 represent totals of all six body zones and averages over all eight subjects for each ambient temperature.
It can be seen, from Table 3 , that most of the power is consumed by the TECs ͑177-1494 W, 53-90% in 10°C and 39°C, respectively͒, depending on ambient temperature, the pumps ͑144-147 W, in 10°C and 39°C, respectively͒, the FETS ͑3-20 W, in 10°C and 39°C, respectively͒, and the electrical control circuit ͑11.2-11.4 W, in 10°C and 39°C, respectively͒ using considerably less power ͑47-10%, in 10°C and 39°C, respectively͒. The variation in P TECs with ambient temperature is shown in Fig.  7 . It can be seen that P TECs is relatively low and constant below about 27°C but rises strikingly at higher ambient temperatures up to about 1500 W at 39°C. This is due to the relatively low coefficient of performance ͑COP, defined in the Nomenclature section͒ of the TECs when used as a refrigerator ͑in hot water͒ compared to when used as a heat pump ͑in cold water͒. The variations and relative contributions of P TECs , P FETS , P pumps and P circuit with ambient temperature are shown in Fig. 8 .
The corresponding total electrical power input P in ranges between 359-1691 W and its variation with ambient temperature is shown in Fig. 9 . It can be seen that the variation of P in is about the same as P TECs , as expected. The heat loss from the TECs ͑78- Transactions of the ASME the TECs heats and/or cools the water delivered to the supply lines ͑41.6-284 W͒ and is accompanied by an attendant heat loss from the TECs ͑78-177 W͒. The heating or cooling supplied by the TECs ͑41.6-284 W͒ is reduced a little by line losses ͑1-22 W͒ and the remainder ͑47.6-275 W͒ is delivered to the diver. The heating or cooling delivered to the diver was inferred from measured inlet and outlet temperatures and flows to each body zone by calculating the enthalpy flow for each body zone. The total heating and cooling supplied to the diver for all body zones is shown in Fig. 10 for each ambient temperature considered. The flow-weighted average supply and return manifold temperatures are shown in Fig. 11 . It can be seen that their heating and cooling roles reverse at about 23°C, where they "cross-over." The power to the pumps ͑165-168 W͒ produces flow work ͑21.5 W͒ and a corresponding heat loss from the pumps ͑144-147 W͒. These Table 3 Thermodynamic parameters; total of all six body zones and averaged over all eight human volunteer subjects for each ambient temperature. The sign convention, for each parameter, is defined in the Nomenclature section. 
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Transactions of the ASME quantities and the power to the electrical control circuit ͑11.2-11.4 W͒ are approximately constant. The power to the FETS ͑3-20 W͒ is dissipated as heat and its variation with ambient temperature is shown in Fig. 12 . The metabolic heat production was taken to be 209 W and is agreement with previous data ͓37͔. The net heat loss from the protected diver in cold water ͑89.4-391 W͒ and the net heat gain of the protected diver in hot water ͑41.9-66.2 W͒ is a consequence of a heat balance on the diver using the diver CV in Fig. 6 and equations given in the Nomenclature section. The resulting variation of the heat transfer to/from the diver is shown in Fig. 13 . It can be seen that the diver gains about 50 W of heat from the ambient water at ambient temperatures above about 33°C and loses up to about 400 W of heat at 10°C. The higher heat loss at 10°C is a combination of both metabolic heat and DTPS supplied heat being lost to the cold ambient water through the wetsuit insulation. This emphasizes the desirability of having wetsuits with lower effective thermal conductivity to reduce heat loss to the ambient cold water, as previously demonstrated by Bardy et al.
͓14͔.
The coefficient of performance of the TECs is a measure of their efficiency as a heat pump in cold water and or a refrigerator in hot water. The variation of the measured COPs of the TECs with ambient temperature is shown in Fig. 14 . The TECs had a relatively high COP ͑e.g., about 72% here͒ when performing as a heat pump in cold water because there is the potential of extracting heat from the cold reservoir. However, the TECs had a relatively low COP ͑e.g., about 20% here͒ when performing as a refrigerator in hot water. As mentioned earlier, the electrical control circuit uses pulse-width modulation to switch the TECs on and off so that the supply manifold temperature is maintained at a preset level ͑e.g., 30°C͒. The resulting "on time" is expressed as a percentage of the run time and is called the duty cycle. The variation in DC with ambient temperature is shown in Fig. 15 . The high values of DC at high ambient temperatures suggest that the system is "maxed-out" there; and the low values at low ambient temperatures suggest that there is excess capacity there. This means that considerably fewer TECs would be required for a cold water only system. However, two more are required for a safety margin at the higher temperatures.
10.3 Reliability. The DTPS was run 110 h during 53 experiments. The DTPS was taken apart and inspected 10 times during this period. In the last inspection, some of the polyurethane tubes had to be replaced but no other working parts was replaced and an additional 48 h of experiments have been done since without failure.
Conclusions
Using the DTPS as a regional and total body calorimeter the collective data presented above show that no thermal protection for a diver in a standard wet suit is needed during exercise in waters between temperatures of nominally 20-30°C. Previous studies using the DTPS concept revealed that at rest the range is 26-32°C ͓14͔. At temperatures above and below these limits an active heating/cooling system is required.
The major finding of the present study is that the DTPS developed and tested in this project provided the diver with thermal protection and comfort while wearing a standard wet suit in waters' of ambient temperature from 10°C to 39°C. As most of the waters where diving takes place are colder than the divers thermal neutral temperature, where no protection is needed, the current DTPS could provide the same thermal protection with one-half the number of TECs' and simpler pumping and distribution system, thus, significantly reducing its size and weight, and lowering its power requirements. However, in hot water two additional TECs' would be required to provide a safety margin and allow protection in warmer waters' than tested here. Of course this redesigned system would have to be tested experimentally.
Since the DTPS has no consumables, if continuous electrical power is supplied, thermal protection can be provided throughout typical, and even extreme dives, thus, allowing the diver to function effectively. One limitation to the current DTPS is its required size, which although it acts as a backpack for the scuba tanks, In addition to maintaining the diver in thermal balance and comfort, the DTPS described here has other potential uses. For example, it has been shown that circulating water although a total body tube suit and precooling or prewarming subjects prior to hot or cold exposures, respectively, prolonged the time that the ambient temperatures could be tolerated and reduced decompression sickness, which is exacerbated by thermal stress ͓44͔.
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Nomenclature
BAA ϭ broad agency announcement COP ϭ coefficient of performance of heat pump in cold or refrigerator in hot ͑0.19-0.72; calculated COP= ͉Q supply ͉ / ͉P TECs ͉͒ DC ϭ duty cycle ͑+14.4 to +85%, measured͒ DTPS ϭ diver thermal protection system FSW ϭ feet of sea water NEDU ϭ Navy Experimental Diving Unit P circuit ϭ electrical power input ͑Ϫ͒ to circuit ͑−11.4 W to −11.2 W, measured͒ P FETS ϭ electrical power input ͑Ϫ͒ to FETS ͑−3.3 W to −19.6 W, calculated, from P FETS = −26 W ϫ DC͒ P in ϭ electrical power input ͑Ϫ͒ to flatpack ͑−359 W to −1691 W, calculated, from first law, P in =P TECs +P circuit +P FETS +P pumps ͒ P pumps ϭ electrical power input ͑Ϫ͒ to pumps ͑−165 W to −168 W, measured͒ P TECs ϭ electrical power input ͑Ϫ͒ to TECs ͑−177 W to −1494 W, measured͒ q ϭ total water flow for all zones from flatpack to tube suit ͑+6.23 lpm, measured͒ Q circuit ϭ heat loss ͑Ϫ͒ from circuit, ͑−11.2 W to −11.4 W; calculated from first law, Q circuit =P circuit ͒ Q diver ϭ heating ͑+͒ in cold or cooling ͑Ϫ͒ in hot delivered to diver ͑−2.75 W to +182 W, measured͒ Q FETS ϭ heat loss ͑Ϫ͒ from FETS ͑−3.3 W to −19.6 W; calculated from first law, Q FETS =P FETS ͒ Q lines ϭ heat gain ͑+͒ in hot/heat loss ͑Ϫ͒ in cold, to/ from lines ͑−22.3 W to +8.4 W, calculated from heat transfer theory͒ Q ͑supply͒lines ϭ heat gain ͑+͒ in hot/heat loss ͑Ϫ͒ in cold, to/ from supply lines ͑−11.3 W to +4.4 W, calculated from heat transfer theory͒ Q lines͑return͒ ϭ heat gain ͑+͒ in hot/heat loss ͑Ϫ͒ in cold, to/ from return lines ͑−11.0 W to +4.0 W, calculated from heat transfer theory͒ Q loss ϭ heat loss ͑Ϫ͒ from tube suit ͑−391 W to +66.2 W; calculated from first law, Q loss = −Q met −Q diver ͒ Q met ϭ diver metabolic heat production ͑0.7 LO2 / min = +209 W, measured͒ Q pumps ϭ heat loss ͑Ϫ͒ from pumps ͑−144 W to −147 W; calculated from first law, Q pumps = +P pumps +W flow ͒ Q supply ϭ heating ͑+͒ in cold or cooling ͑Ϫ͒ in hot supplied by flatpack ͑−284 W to +204 W; calculated from first law, Q supply =−Q lines +Q diver ͒ Q TECs ϭ heat loss ͑Ϫ͒ from TECs ͑−78 W to −1777 W; calculated from first law, Q TECs = +Q supply +P TECs ͒ T ϱ ϭ ambient water temperature ͑10-39°C, measured͒ T TN ϭ ambient water temperature at which T C is constant without thermal protection T C ϭ body core temperature T cr ϭ critical water temperature T M ϭ muscle temperature T S ϭ skin temperature TECs ϭ thermoelectric heaters/coolers T in ϭ diver tube suit inlet water temperature; flowweighted-average over all body zones, for each subject and ambient temperature T out ϭ diver tube suit outlet water temperature; flowweighted-average over all body zones, for each subject and ambient temperature T return ϭ return manifold water temperature; flowweighted-average over all body zones, for each subject and ambient temperature T supply ϭ supply manifold water temperature; flowweighted-average over all body zones, for each subject and ambient temperature W flow ϭ pumps flow work ͑+21.5 W; calculated, W flow =q⌬p͒ ⌬p ϭ total system pressure drop ͑+30 psia, measured͒
